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Intracellular pH (pHi) measurements were performed in surf clam (Spisula solidissima) oocytes before and after arti®cial
activation or fertilization [evidenced by germinal vesicle breakdown (GVBD)] by the dimethyloxazolidinedione (DMO) and
2*,7*-bis-(2-carboxyethyl)-5-(and-6)-carboxy¯uorescein (BCECF) methods. Results using both methods showed increases of
pHi of 0.3 pH unit after activation by excess K/. Using BCECF, we found an increase of similar magnitude after fertilization
or after the addition of serotonin. By contrast, GVBD did not occur when the pHi was increased to similar or even higher
levels by exposing the oocytes to ammonia. In sodium-free seawater, excess K/ induced GVBD but the pHi of K/-activated
oocytes decreased signi®cantly below the resting level of unactivated oocytes. The pHi increases in K/-activated oocytes
were otherwise proportional to the external Na/ concentration. The amiloride derivatives dimethylamiloride and
hexamethylene amiloride (at 10±50 mM) ef®ciently inhibited the K/-induced increase of pHi but did not block GVBD.
These two derivatives were able, however, to retard K/-induced GVBD, hexamethylene amiloride being the more ef®cient.
This retardation of K/-induced GVBD could be abolished by the simultaneous addition of ammonia. Taken altogether,
these results show that a pHi increase, driven by a typical Na//H/ exchanger, follows activation of surf clam oocytes but
that this pHi increase is neither suf®cient nor required for GVBD, though it does allow its progression at an optimal rate.
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INTRODUCTION 1976; Shen and Steinhardt, 1978) which is essential for fur-
ther development (DubeÂ et al., 1985). Among several pHi-
sensitive events, an especially strong relationship was ob-Fertilization-induced increase of intracellular pH (pHi)1 is
a common, though not universal, response of oocytes in served between elevated pHi and increased protein syntheis
rate both in vivo and in vitro using cell-free translationdiverse animal groups including Xenopus, sea urchins and
various pelecypod mollusc species (reviewed in Gould and systems (Grainger et al., 1979; Winkler and Steinhardt,
1981; DubeÂ et al., 1985). The general conclusion arisingStephano, 1989; Baltz, 1993; DubeÂ , 1996). Pionneering work
has shown that sea urchin eggs, the best studied species, from these and other studies is that increases of both pHi
and intracellular free Ca2/ are required for full activationundergo a 0.3±0.4 pH unit increase upon fertilization
through activation of Na//H/ exchange (Johnson et al., of the protein synthetic machinery and subsequent produc-
tion of key proteins regulating ongoing mitotic cell cycles
(Winkler et al., 1980; Whitaker and Steinhardt, 1985). More
1 Abbreviations used: AMPSO, (3-[(1,1-dimethyl-2-hydroxyethyl)- recent work on sea urchin eggs, however, has reconsidered
amino]-2-hydroxypropanesulfonic acid); ASW, arti®cial seawater; the involvement of pHi on regulating protein synthesis and
BCECF, 2*,7*-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein; new evidence now suggests that part of protein synthetic
DMO, 5,5-dimethyl-2,4-oxazolidinedione; DMSO, dimethyl sulf-
activity is pHi-independent (Rees et al., 1995). Other lessoxide; GVBD, germinal vesicle breakdown; Hepes, N-2-hydroxyeth-
well studied pHi-sensitive events, such as cytoskeletal rear-ylpiperazine-N*-2-ethanesulfonic acid; MPF, M-phase promoting
rangements or cytokinetic processes (Carron and Longo,factor; NaFSW, sodium-free seawater; pHi, intracellular pH; pHo,
1982; DubeÂ et al., 1985; Begg et al., 1996) may contributeexternal pH; Pipes, piperazine-N,N*-bis(2-ethanesulfonic acid);
to the requirement for an elevated pHi of normal embryonicTPA, 12-O-tetradecanoylphorbol-13-acetate; TRIS, tris(hydroxy-
methyl)aminomethane. development, but further work would be required to clarify
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these issues. Investigations on the role of pHi in fertiliza- have been suggested. First, it is known that GVBD and com-
pletion of ®rst meiosis do not rely on new protein synthesistion-associated responses of other species have shown the
absence of any signi®cant pHi changes (star®sh, annelid, in surf clam oocytes (Longo et al., 1991; Hunt et al., 1992).
It has been proposed that, before fertilization, cyclin B existsmouse, and rat oocytes) (Johnson and Epel, 1982; Eckberg
and DubeÂ , 1996; Kline and Zagray, 1995; Phillips and Baltz, in a sequestered form and it can be partially released in
vitro by raising the pH from 6.8 to 7.2 (Westendorf et al.,1996; Ben-Yosef et al., 1996), a limited role, if any, for ob-
served pHi increases (frog) (Stith and Maller, 1985), or a 1989), thus suggesting that a similar increase in pHi might
be directly linked to processes leading to activation of MPFstrong dependence of further development upon previous
elevation of pHi, as for Urechis (Gould and Stephano, 1993) (M-phase-promoting factor). It has also been observed that
the assembly of microtubules in surf clam oocyte extractsand several different mollusc species (Deguchi and Osanai,
1994, 1995). There appears, therefore, to be no universal was favored by an elevated pH (Suprenant, 1989; 1991), fur-
ther suggesting a possible contribution of increased pHi toexplanation or precise speci®c role for increased pHi in em-
bryonic development or, more generally, in regulation of formation of the meiotic spindle. In addition, similarly to
sea urchin egg extracts (Winkler and Steinhardt, 1981), surfcell proliferation.
Oocytes and embryos from the surf clam (Spisula solidis- clam oocyte extracts prepared for cell-free translation analy-
ses were seen to undergo a three- to fourfold greater rate ofsima), a marine pelecypod mollusc, have proven useful for
understanding many fundamental aspects relating to fertil- protein synthesis at pH 7.4 compared to pH 6.8 (Walker et
al., 1996).ization processes and developmental regulation. Moreover,
there exists strong evidence that pHi changes might be re- Nevertheless, it has not been demonstrated that pHi re-
ally increases upon activation of surf clam oocytes in paral-lated to progression of both meiotic and mitotic cycles. Surf
clam oocytes are shed at meiotic prophase I (germinal vesi- lel to the acid release. Also, no clear identi®cation of a
mechanism for such an acid release or pHi increase hascle stage) and fertilization reinitiates meiotic maturation,
evidenced ®rst by germinal vesicle breakdown (GVBD) and been unequivocally obtained in this species. The aim of the
present work was thus to provide direct measurements oflater by extrusion of the ®rst and second polar bodies. Sev-
eral demonstrations support the view that an initial in- pHi before and after activation. We also performed an experi-
mental analysis to establish the precise role of pHi in GVBD.crease of Ca2/ in¯ux is the primary trigger leading to GVBD
in surf clam oocytes, as well as in other species similarly Finally, we examined the possibility that the activation of
an Na//H/ exchanger was responsible for the acid releasefertilized in prophase I (Allen, 1953; DubeÂ and Guerrier,
1982a; Jaffe, 1983; 1985; DubeÂ , 1988; reviewed in DubeÂ , and pHi increase. We show that a 0.3 pH increase follows
fertilization or arti®cial activation and that this is evidently1996). However, it was also demonstrated that an acid
release followed K/-induced arti®cial activation (Ii and due to activation of a typical Na//H/ exchanger. We provide
evidence that this increase is apparently neither suf®cientRebhun, 1979) or fertilization of surf clam oocytes (DubeÂ ,
1988). This acid release was shown to be dependent upon nor required for GVBD, except to allow its progression with
normal kinetics.external Na/ (Ii and Rebhun, 1979; DubeÂ , 1988) and to be
stimulated by protein kinase C activators (DubeÂ , 1988). It
was presumed to result in an increase of pHi soon after
activation. Moreover, ammonia, which directly raises pHi, MATERIALS AND METHODS
was able to trigger GVBD when added at very high concen-
trations to surf clam oocytes (Finkel and Wolf, 1980), sug- Handling of Gametes and Solutions
gesting that the probable increase in pHi was causal in trig-
Adult surf clams (S. solidissima) were collected at Iles-de-la-gering GVBD in this species.
Madeleine (QueÂbec, Canada) or were provided by the MBL (MarineOn the other hand, other observations suggested that in-
Biological Laboratory) Marine Resources Department and kept in
creased pHi might not be causal for GVBD. Indeed, ammo- running seawater tanks. Gametes were obtained and handled as
nia was shown to trigger nuclear envelope breakdown and described by Allen (1953). Experiments were carried out either at
chromosome condensation in sea urchin eggs through a pH- a constant temperature of 187C or at room temperature. Normal
independent mechanism (DubeÂ and Epel, 1986), suggesting arti®cial seawater (ASW) was prepared according to MBL formulae
(Cavanaugh, 1975) and contained NaCl (423 mM), CaCl2 (9.3 mM),an ammonia-induced cellular effect that is not related to
KCl (9 mM), MgCl2 (23 mM), MgSO4 (25.5 mM), and NaHCO3 (2.15its capacity to raise pHi. Moreover, when ammonia was
mM), with the addition of either 2 mM N-2-hydroxyethylpipera-used at concentrations that mimic best the normal fertiliza-
zine-N*-2-ethanesulfonic acid (Hepes), pH 7.5±7.6, or 5 mM Tris,tion- or K/-induced acid release, GVBD did not occur (DubeÂ ,
pH 8.2. Sodium-free seawater (NaFASW) was prepared by replacing1988). Also, K/-induced GVBD was retarded, but not pre-
NaCl and NaHCO3 by the molar equivalent of choline chloride andvented, when external Na/ was absent (DubeÂ and Coutu, KHCO3, the pH being adjusted with KOH. Ammonium chloride1990), even though no acid release, nor any associated pHi (NH4Cl) was used at ®nal concentrations ranging from 2 to 30 mM
increase, could presumably occur under this condition (Ii by adding a proper amount of a 1 M stock solution in ASW or
and Rebhun, 1979; DubeÂ , 1988). NaFASW, adjusted to the desired pH just prior to its use. Amiloride,
Despite these indications that increased pHi might not dimethylamiloride, and hexamehtylene amiloride (Research Bio-
chemicals Inc., Natick, MA) were prepared as 10 mM stock solu-cause GVBD, several possible roles for such a pHi increase
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tions in dimethyl sulfoxide (DMSO). Untreated control oocytes nearly impossible above 0.5%. Other limitations of the DMO
method are the small number of samples that can be treated in anwere always incubated in presence of a similar amount of DMSO
alone. experiment and the dif®culty in measuring pH changes over short
periods of time. BCECF, a ¯uorescent pH probe, was therefore used
to complement the DMO measurements and to allow fertilization
experiments and kinetic analyses of pHi changes.Fertilization or Arti®cial Activation of Oocytes
For the DMO experiments, the oocytes were washed four times
with the appropriate seawater (ASW or NaFASW) by centrifugation
and were resuspended as a 2±5% (v/v) suspension. K/ activation Measurements of Intracellular pH with BCECF-
was performed by adding known amounts of isotonic KCl (0.52 M) Loaded Oocytes
to obtain the ®nal desired K/ concentrations (26 to 52 mM). Lower
concentrations of oocytes (0.2±0.5%) were used for kinetic experi- Oocytes were loaded with an acetoxymethyl ester of 2*,7*-bis-
ments or with BCECF-loaded oocytes. Fertilization was achieved (2-carboxyethyl)-5-(and-6)-carboxy¯uorescein (BCECF), BCECF-
by adding a 20,000-fold dilution of ``dry sperm'' maintained at 47C AM (Molecular Probes, Eugene, OR), at a ®nal concentration of 2
until use. Serotonin was prepared as a 1 mM stock solution in ASW mM for 15 min at room temperature. They were then washed twice
and used at a ®nal concentration of 20 mM. The percentage of GVBD and resuspended in ASW. Plastic petri dishes were punctured and
was assessed under the microscope by randomly counting 200 ®xed a coverslip was glued to their bottom surface and coated with poly-
oocytes per sample. lysine. After oocytes were allowed to settle, ASW was added to a
®nal volume of 3±4 ml. Oocytes were viewed through an inverted
Zeiss microscope.
Fluorescence measurements were performed using an Atto¯uorMeasurements of Intracellular pH by the DMO
digital imaging system using excitation wavelengths set at 430 andMethod
488 nm. Fluorescence intensities above 540 nM were then recorded
5,5-Dimethyl-2,4-oxazolidinedione (DMO) is a nonmetaboliz- for both excitation wavelengths at every 6 sec and ratios were calcu-
able weak acid that will partition in intra- and extracellular com- lated and stored. The viability of fertilized oocytes after such a
partments according to their respective pH, thus allowing determi- treatment over a 30-min period was con®rmed by their ability to
nations of average pHi in a population of cells. The DMO method develop to swimming blastulae overnight when transferred to sea-
was found to yield pHi estimations similar to those obtained with water. Data analyses were performed using the Attograph and Atto-
pH microelectrodes in various cell types (Boron and Roos, 1976; view software packages provided with the system, and rough data
Roos and Boron, 1981). The DMO method was successfully used were further processed using Excel, Powerpoint, and Sigmaplot. A
with sea urchin eggs (Johnson and Epel, 1981; DubeÂ et al., 1985; pH calibration curve was constructed using a medium (adapted
DubeÂ and Epel, 1986) in which it gave pHi estimations that were from Crossley et al., 1991) that mimics intracellular conditions
similar to those obtained by using pH microelectrodes (Shen and and contains glycine (500 mM), K gluconate (220 mM), NaCl (10
Steinhardt, 1978) or 31P-NMR (Winkler et al., 1982). It has also mM), MgCl2 (2.5 mM), and KCl (4 mM) with added Hepes and
been used with star®sh oocytes (Johnson and Epel, 1982). piperazine-N,N*-bis(2-ethanesulfonic acid) (Pipes) at 10 mM each,
The protocol used here was identical to that previously described with the pH adjusted to the desired values (pH 6.0±8.0). Small drops
(DubeÂ and Epel, 1986). Brie¯y, oocyte suspensions were incubated of this solution containing 0.1 mM BCECF were viewed through the
in 14C-DMO and 3H2O for at least 30 min before quadruplicate 1- microscope at settings identical to those used with the oocytes and
ml samples were taken for the determination of average pHi. Rapid ¯uorescence ratios were determined. This calibration curve was
separation of oocytes from the extracellular medium was achieved used to transform all ratios measured in oocytes into pH values.
by spinning down the oocytes through 0.3 ml oil (diisobutyl phthal-
ate, Eastman Kodak Co., Rochester, NY). Another oocyte suspen-
sion from the same batch was brie¯y incubated in 14C-sucrose and
Confocal Microscopy3H2O to quantitate the amount of extracellular medium in the
pellets. This was subtracted in the calculation of pHi using Hender-
BCECF-loaded oocytes were also viewed witn a Zeiss LSM 410son±Hasselbach equations. The results are expressed as the mean
laser scanning confocal microscope using an excitation wavelengthcalculated pHi { SD for four samples per time point.
set at 488 nm and viewing emission wavelengths of 515±565 nm.We found the DMO method for measuring pHi more reliable for
Optical sections (30) of 2 mm each were obtained with oocytessurf clam oocytes than for sea urchin eggs (DubeÂ et al., 1985; DubeÂ
before and after GVBD was induced by excess K/.and Epel, 1986) because of the noted small pH gradient between
intracellular and extracellular compartments which minimizes the
in¯uence of contaminating extracellular ¯uids in pellet samples
used to determine the intracellular water content. In most experi-
ments, we used pH 7.5±7.6 ASW, rather than usual pH 8.0 seawa- RESULTS
ter, to enhance the proportion of penetrating unionized DMO (the
pKa of which is taken as 6.32 in seawater (see Boron and Roos,
Control Experiments for the Use of DMO and1976; Johnson and Epel, 1981)) and further improving the precision
BCECF as pHi Probesin determinations of average pHi. However, the concentration
(greater than 1±2% v/v) of cells required by the DMO method is
Equilibration of 14C-DMO with a surf clam oocyte sus-suf®ciently high that fertilization was not possible under these
pension was complete within 5±10 min at 187C, and theconditions. Indeed, fertilization is best achieved at oocyte concen-
trations around 0.2% (Clotteau and DubeÂ , 1993) and becomes concentration of intracellular 14C-DMO did not vary over
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re¯ect the intracellular milieu, the reported pH values
should be considered approximations rather than exact val-
ues. Although the absolute values derived from the DMO
and BCECF experiments differed, both gave similar pHi
changes and similar results concerning their mode of regula-
tion. This is likely due to the fact that BCECF-derived abso-
lute pH values are more dependent upon the intracellular
conditions than is the slope of the calibration curve which
reports relative pH changes.
Oocytes loaded with BCECF and examined by conven-
tional ¯uorescence microscopy exhibited an apparently uni-
form ¯uorescence with a slightly brighter central region
(not shown). Examination of such oocytes by confocal mi-
croscopy indicated more clearly that the germinal vesicle
region was more ¯uorescent than adjacent cytoplasm (Figs.
3a and 3b), while no such localization could be detected
after GVBD (Figs. 3c and 3d). Indeed, in such oocytes, the
peripheral ¯uorescence was greater than that of the deeper
endoplasm (Figs. 3c and 3d). Images of 488/430 ¯uorescence
ratios obtained with the Atto¯uor imaging system and de-
picted on a pseudocolor scale also reported a higher signal
in the central region where the germinal vesicle is located
(see below). This was observed most intensely in freshly
BCECF-loaded oocytes. By contrast, upon incubation
FIG. 1. (A) Equilibration time after addition of 14C-DMO to an greater than 2 hr, BCECF appeared to be gradually excluded
oocyte suspension. The oocytes were sampled at different times from the germinal vesicle of some of the oocytes, as was
after additon of 14C-DMO and its intracellular concentration was also reported for BCECF-loaded Urechis oocytes (Gould and
determined. (B) Effect of various external concentrations of DMO
Stephano, 1993). The data thus presented here were ob-on DMOin/DMOout . The oocytes were incubated for 30 min in 3.7
mM 14C-DMO and various indicated concentrations of cold DMO.
DMOin/DMOout ratios were calculated from four samples using two
different batches of oocytes.
the following 50 min (Fig. 1A). This shows that surf clam
oocytes, like most other cells, do not metabolize 14C-DMO
over short periods of time. This also sets the time resolution
of pHi measurements using DMO with these oocytes to a
few minutes. In the other measurements reported, we al-
lowed an initial equilibration time of at least 30 min before
sampling the oocytes. To validate the use of DMO with
surf clam oocytes, we also veri®ed that the DMOin/DMOout
ratios were constant over a range of external DMO concen-
trations (Fig. 1B). As seen, the DMOin/DMOout ratios re-
mained fairly constant over the micromolar and millimolar
ranges of external DMO concentrations (Fig. 1B), indicating
that DMO is not binding to saturable sites which would
have reduced the DMOin/DMOout ratios at higher external
DMO concentrations when these sites became fully occu-
pied. DMO thus behaves as a proper probe for measuring
pHi in surf clam oocytes.
In other experiments, pHi was estimated with BCECF- FIG. 2. Calibration of BCECF ¯uorescence ratios. Highly pH-buf-
loaded oocytes. This allows continuous recording in indi- fered solutions were prepared as described under Materials and
vidual cells. The ¯uorescence intensity ratios measured in Methods, and BCECF was added to 0.1 mM. The ¯uorescence ratios
oocytes were equated to pH using an in vitro calibration of minidrops of these solutions were determined under the At-
curve essentially linear in the range of pH 6.0 to 8.0 (Fig. 2). to¯uor microscope. This linear regression curve was used to trans-
form all ratio measurements in oocytes to pH.As the medium used for this calibration may not precisely
Copyright q 1997 by Academic Press. All rights of reproduction in any form reserved.
AID DB 8682 / 6x2c$$$$21 09-05-97 09:14:42 dba
45pHi and Activation of Clam Oocytes
FIG. 3. BCECF-loaded oocytes before and after GVBD. Digital ¯uorescence confocal microscopy images of BCECF-loaded ooctes (b, d)
and corresponding conventional images (a, c) before (a, b) and after (c, d) GVBD induced by the additon of 50 mM K/. Pseudocolor imaging
with increasing ¯uorescence intensities from blue to red regions of the color scale.
tained from oocytes less than 2 hr after labeling with the pHi to a similar level (7.59) to that attained in K/-acti-
vated oocytes (7.59, no signi®cant difference, Student's tBCECF.
test, P  .05), even though, as reported previously (DubeÂ ,
1988), GVBD did not occur (Table 1). The overall results
pHi Increase during Activation from four separate experiments where pHi was measured
before and 30 min after K/-induced activation indicated anAt pHo 7.5±7.6, the pHi of unactivated oocytes measured
average unactivated oocyte resting pHi of 7.28 ({ 0.05) andby the DMO method averaged 7.30 (Table 1). When mea-
a signi®cantly higher (Student's t test, P  0.05) activatedsured 30 min after addition of an activating concentration
oocyte pHi of 7.57 ({ 0.05), for a mean pHi increase afterof K/, the pHi increased about 0.3 unit to 7.58. Table 1,
activation of 0.29 { 0.04 (varying from 0.24 to 0.32).which shows the results of experiments using two different
At pHo 8.2, the resting pHi of oocytes estimated withbatches of oocytes before and after K/-induced activation,
BCECF averaged 6.89 { 0.15 (n  61), considerably loweralso shows the pHi attained by oocytes from the same
than that calculated using the DMO data. However, thebatches that were incubated for 30 min in 30 mM ammo-
increase after K/ activation averaged 0.31 pH unit (Table 2nium chloride (pHo  7.5), which is roughly equivalent, for
and Fig. 4A), the same as determined by the DMO method.the amount of un-ionized NH3, to the more commonly used
10 mM ammonium chloride, pHo 8.0. Ammonia increased The addition of 5 mM ammonium chloride elicited an im-
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TABLE 1 reliably estimated. Since the oocytes were inseminated un-
Intracellular pH of Spisula Oocytes before and after Addition der the microscope, much of the delay could result from the
of K/ Ions or Ammonia, Measured by the DMO Methoda time required for sperm to reach and fuse with the oocytes.
Figure 4B illustrates typical pseudocolor images of ¯uores-
Number of cence ratios in oocytes before and after sperm (a,b) or ammo-
Condition samples pHi {SD % GVBD nium chloride (c,d) addition.
Serotonin (or 5-hydroxytryptamine, 5-HT) is known toUnactivated oocytes 8 7.30 {.03 2.5
K/ ions, 50 mM, 30 min 8 7.58 {.03 100 trigger meiotic maturation, and we also tested its effect on
NH4Cl, 30 mM, 30 min 8 7.59 {.02 0 pHi. The addition of 20 mM 5-HT elicited an average oocyte
pHi increase of 0.34 unit, identical to that after fertilizationa Mean results from experiments using two different batches of (Student's t test, P  .05), but faster since it was essentially
oocytes.
complete within 5 min (Table 2). Taken together, these
results con®rm that the acid release seen after activation of
clam oocytes (Ii and Rebhun, 1979; DubeÂ , 1988) effectively
results in a pHi increase before GVBD that is similar in
mediate large increase of pHi (0.72 { 0.08 unit) followed by amplitude to that known in sea urchin eggs or other acti-
a gradual decrease, presumably due to slow penetration of vated cell types. The result with ammonia, however,
NH/4 . This indicates that our measurements of pHi by the strongly suggests that such a pHi increase is not suf®cient
DMO method 30 min after addition of ammonium chloride to trigger GVBD.
(Table 1) probably underestimate pHi increases that oc-
curred earlier. BCECF-loaded oocytes also allowed pHi mea-
surements after fertilization (Table 2 and Fig. 4) which re- Nuclear vs Cytoplasmic pH Changes
vealed a slightly higher pHi increase of 0.37 than that in-
duced by K/ ions (Student's t test, P  0.05). This parallels An earlier report indicated that the nuclear pH of Urechis
oocytes is higher than their cytoplasmic pH and that thisthe earlier observation that the acid release by K/-activated
oocytes was slightly lower than that of fertilized eggs (DubeÂ , is maintained during the fertilization-induced pHi increase
(Gould and Stephano, 1993). We examined this with1988). The pHi increase upon K/ addition was almost imme-
diate and stabilized within 5 min ,while the pHi increase BCECF-loaded clam oocytes which, as noted above, had
slightly higher ¯uorescence ratios in their central regionin fertilized oocytes was delayed several minutes and was
more gradual (Fig. 4A). The exact lag period could not be corresponding to the localization of the germinal vesicle.
TABLE 2
Intracellular pH Measured with BCECF-Loaded Spisula Oocytes after Various Treatments
Number of Resting pHi before Time after pHi change
Treatment oocytes treatment { SD treatment (sec) pHi / SDa {SD
Ammonia, 5 mM 10 6.84 { .08 250 7.56 { .08 0.72 { .08
Fertilization 14 6.91 { .18 600±800 7.28 { .19 0.37 { .06
5-HT, 20 mM 18 6.96 { .14 250 7.30 { .15 0.34 { .07
K/, 50 mM, 8 6.84 { .17 250 7.14 { .19 0.31 { .07
Normal SW
Dimet.-amil, / 11 6.80 { .14 250 6.90 { .13 0.10 { .02
K/, 50 mM, 750 7.03 { .16 0.23 { .05
Normal SW
K/, 50 mM, 9 6.88 { .09 250 7.00 { .09 0.11 { .04
Low (20 mM)
Na/ SW
Dimet.-amil, / 7 6.91 { .13 450 6.84 { .11 00.07 { .04
K/, 50 mM,
Low (20 mM)
Na/ SW
K/, 50 mM, 7 6.90 { .09 250 6.86 { .10 00.04 { .03
Na/-free SW 1100 6.76 { .08 00.13 { .02
Na/ added 120 6.82 { .09 0.07 { .04
a All measured pHi were signi®cantly different before and after treatment and were also different between the indicated intervals within
each experimental set (Student's t test, P  0.05).
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FIG. 4. Intracellular pH changes after fertilization or after the addition of KCl or ammonia. A shows averaged recordings of oocyte pHi
after adding sperm (arrow, blue recording, fertilized, 9 oocytes), 50 mM K/ (arrow, green recording, K/, 8 oocytes), or 5 mM ammonium
chloride (arrow, red recording, NH3, 5 oocytes). B shows typical oocytes with ¯uorescence ratio measurements transformed into pseudocolor
where blue to red represents increasing ratios and pHi; a and b show an oocyte before and 10.5 min after fertilization, while c and d depict
an oocyte before and 1.5 min after addition of ammonia. All fertilized or K/-activated oocytes underwent GVBD, whereas none of the
ammonia-treated ones did.
FIG. 5. Germinal vesicle, cytoplasmic and total oocyte pHi before and after the addition of serotonin. The top panel shows a typical
single oocyte at different times with the three different regions of pHi measurement, the total area representing total pH, while the small
areas (central and upper right) represent, respectively, germinal vesicle and cytoplasmic pH. The bottom panel shows the averaged pH
recordings for 10 oocytes before and after adding serotonin (20 mM, at 200 sec).
In single oocytes, we monitored pHi in three different loca- after the addition of 5-HT. There was a pH difference of
approximately 0.18 unit between the germinal vesicle andtions before and after 5-HT-induced activation. These were
the entire oocyte, an area within the germinal vesicle, and cytoplasmic domains that was initially maintained during
the pHi increase and slowly diminished after GVBD (Fig.a peripheral cytoplasmic domain. Figure 5 shows the ratio
images of a typical oocyte (A, top panel) and averaged re- 5B). Therefore, like Urechis oocytes, clam oocytes also seem
to have a higher nuclear than cytoplasmic pH.cordings from 10 oocytes (B, bottom panel) to which 5-HT
was added at 200 sec. The pH in the germinal vesicle
(central box) was higher than that in the cytoplasm (periph-
Na/ Requirement for the Increase in pHi and theeral box), whereas intermediate values were obtained when
Effects of Inhibitors of Na//H/ Exchangersthe ®eld was considered as a whole. Figure 6 shows the
averaged recordings of pH in total, germinal vesicle, and The previous experiments established that a pHi increase
occurs upon activation of clam oocytes but that it is appar-cytoplasmic domains from 10 different oocytes, before and
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fects of a series of known inhibitors of such cotransporters.
The oocytes were activated in low Na/ seawater (50 mM)
by K/ in presence of 10 mM amiloride, dimethylamiloride,
or hexamethylene amiloride, and their pHi was measured
after 30 min. Figure 8 shows that the pHi increase in this
batch of oocytes was the usual 0.3 pH unit in control K/-
activated oocytes. Amiloride itself did not inhibit the pHi
increase (Student's t test, P  0.05), whereas dimethyl- and
hexamethylene amiloride signi®cantly inhibited it, respec-
tively, by 86 and 76% (Student's t test, P  0.05). In mam-
malian cells, amiloride at this concentration may inhibit
pHi increases due to an Na//H/ exchanger but it is much
less ef®cient with marine organisms due to the high Na/
content of seawater and also possibly due to a lower af®nity
for the invertebrate exchanger. However, dimethylamilo-
ride and hexamethylene amiloride are approximately 25 andFIG. 6. Serotonin-induced changes in total, germinal vesicle, and
cytoplasmic pH. The averaged pH measurements of these different 100 times more potent, respectively, at inhibiting mamma-
compartments in 10 different oocytes before (50±100 sec) and after lian Na//H/ exchangers (Simchowitz and Cragoe, 1986;
(500±600 sec) adding serotonin, when pH values were most stable Kleyman and Cragoe, 1988). As seen, these two amiloride
for all oocytes, are given. derivatives signi®cantly inhibited the activation-associated
pHi rise (Fig. 8).
We performed similar experiments with BCECF-loaded
oocytes to allow continuous monitoring of pHi. Figure 9Aently not suf®cient to trigger GVBD. We then addressed
the question whether this pHi increase, though insuf®cient, shows the average pHi of several oocytes in normal Na/-
containing seawater before and after addition of K/ with ormight facilitate GVBD. To answer this question, we mea-
sured the pHi of K/-activated oocytes in Na/-free seawater,
which should inhibit pHi increases if these are dependent
upon external Na/ as is the acid release (Ii and Rebhun,
1979; DubeÂ , 1988). Figure 7 shows the pHi of unactivated
oocytes, measured by the DMO method, in normal or Na/-
free seawater and of K/-activated oocytes at various external
Na/ concentrations from 0 to 423 mM. For oocytes in nor-
mal seawater (423 mM Na/), we observed the normal 0.32
unit pHi increase upon activation. Unactivated oocytes in
Na/-free seawater had a pHi slightly but signi®cantly (Stu-
dent's t test, P 0.05) lower than those in normal seawater,
while all K/-activated oocytes in low Na/-seawater had a
much lower pHi than those activated in normal seawater
(Fig. 7). However, K/-activated oocytes in 0.5, 1.0, or 5.0
mM Na/ had a pHi that was not signi®cantly different from
that of unactivated oocytes in Na/-free seawater (Student's
t test, P  0.05). Moreover, the pHi of K/-activated oocytes
in low Na/ seawater is signi®cantly higher from 5 to 50 and
to 423 mM Na/ (Student's t test, P  0.05), revealing a
positive relationship between external Na/ and pHi. Inter-
estingly, even though K/-activated oocytes in seawater con-
taining £ 5.0 mM Na/ had a pHi signi®cantly lower (Stu-
dent's t test, P  0.05) than that of unactivated oocytes in
FIG. 7. The effect of external Na/ concentration on pHi. An oo-normal seawater, they underwent GVBD (at least 80%), as
cyte suspension was divided into several lots either in ASW orpreviously reported (DubeÂ and Coutu, 1990). The most dra-
NaFASW. In some batches in NaFASW, NaCl (0.5 M) was addedmatic situation was for K/-activated oocytes in 0 Na/ sea-
to the indicated ®nal concentrations. The oocytes were left un-water in which the pHi was much lower than that of unacti- treated or were activated by addition of 52 mM K/ and their pHivated oocytes either in normal (00.20 pH unit) or Na/-free determined by the DMO method from four samples after 30 min.
seawater (00.13 pH unit), but which nevertheless under- Percentages of GVBD in unactivated oocytes were less than 2%
went GVBD (Fig. 7). in either ASW or NaFASW and, for K/-activated oocytes at Na/
Since this Na/ dependence of pHi is strongly indicative concentrations of 0, 0.5, 1.0, 5.0, 50, and 423 mM, the percentages
of GVBD were respectively 85, 79, 89, 98, 99, and 99%.of the presence of an Na//H/ exchanger, we tested the ef-
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pared to the normal timing (cf. Fig. 10A). The retardation by
dimethylamiloride or hexamethylene amiloride was greatly
ampli®ed, the latter derivative showing a more pronounced
retarding effect on GVBD. Finally, Fig. 10C shows, under
similar conditions, that the simultaneous addition of am-
monia to K/-activated oocytes, with or without hexamethyl-
ene amiloride, resulted in a normal time course for GVBD,
while oocytes without ammonia were retarded and much
more so with added hexamethylene amiloride (Fig. 10C).
Taken altogether, these results show that amiloride deriva-
tives retard GVBD, similarly to Na/-free medium, due to
inhibition of the pHi increase and that this can be overcome
by the simultaneous addition of ammonia.
DISCUSSION
Spisula Oocyte pHi Regulation and Its RoleFIG. 8. The effects of inhibitors of Na//H/ exchange on pHi mea- in GVBDsured by the DMO method. The oocytes were preincubated in
DMSO, amiloride, dimethylamiloride, or hexamethylene amiloride These experiments establish that clam oocyte pHi in-
for 2 min, at 10 mM, before the addition of 40 mM K/. Their pHi creases upon activation, that this increase is likely regulated
were determined from four samples each, after 30 min, along with by a typical Na//H/ exchanger with the Na/ concentrationone batch of unactivated oocytes (UN). Percentages GVBD were 2,
gradient controlling the directionality of ion ¯uxes as seen98, 97, 72, and 60%, respectively.
in other cells (Grinstein et al., 1989; Moolenaar, 1986), and
that a pHi increase is not suf®cient to trigger GVBD but
appears to facilitate it.
We report an increase of 0.3 pH unit upon fertilizationwithout prior addition of 50 mM dimethylamiloride. The
drug considerably slowed the pHi increase, though it even- or arti®cial activation. Although the unactivated oocyte pHi
estimates obtained by the BCECF and DMO methods differtually reached values similar to those in untreated oocytes
(Fig. 9A, Table 2), and GVBD occurred. Figure 9B further by 0.4 pH (6.9 vs 7.3) (assuming equivalent pHi at pHo
8.2 and 7.5), the activation-associated increase estimated byillustrates that a similar K/ treatment of oocytes in low
Na/-containing seawater (20 mM Na/) results in a lower both methods is the same. The existence of a pHi increase
after fertilization or parthenogenesis had long been sus-pHi increase in control oocytes (blue trace) than in normal
seawater (Fig. 9A, Student's t test, P  0.05) and that di- pected because of the occurence of an Na/-dependent acid
release (Allen, 1953; Ii and Rebhun, 1979; DubeÂ , 1988). In-methylamiloride prevented the pHi increase and even elic-
ited an apparent pHi decrease (red trace). Finally, we tested creased pHi was observed in thapsigargin-activated oocytes
(DubeÂ , 1992) and preliminary experiments indicated a pHithe effect of adding K/ to oocytes in Na/-free seawater (Fig
9B, green trace, and Table 2) and observed a slow pHi de- increase after activation in homogenates (Ii and Rebhun,
1988) and oocytes (DubeÂ and Eckberg, 1996). However, thecrease which could later be partly reversed by the addition
of Na/ to the suspension. In these experiments where the current work represents the ®rst full report examining pHi
changes upon fertilization or arti®cial activation of surfpHi increase was either impaired or even reversed, GVBD
occurred in all oocytes, although it was retarded. clam oocytes.
Our results also demonstrate that such a pHi increase isWe had previously shown that removal of Na/ does not
prevent K/-induced GVBD, but signi®cantly retards it not suf®cient to trigger GVBD. The failure of ammonia-
treated eggs to undergo GVBD is not a toxic consequence(DubeÂ and Coutu, 1990). We hypothesized that this was due
to the absence of a pHi increase in Na/-free medium (DubeÂ of too large an increase in pHi because higher concentrations
will trigger GVBD in closely related Barnea oocytes (DubeÂand Coutu, 1990). If correct, this implies that inhibiting the
oocyte pHi increase in Na/-containing seawater should also and Guerrier, 1982a) [and presumably also in Spisula oo-
cytes themselves (Allen, 1953; Finkel and Wolf, 1980), evenretard GVBD. This was tested by examining the kinetics of
GVBD in presence of amiloride and the two derivatives used though the exact concentrations of ammonia used in these
last reports cannot be precisely determined]. Any potentialin previous experiments (Fig. 10). Both dimethylamiloride
and hexamethylene amiloride similarly retarded the GVBD toxic effect of ammonia is ruled out by its potentiating
effect on GVBD kinetics when external K/ and Na/ werewhen the oocytes were activated by 52 mM K/ in 50 mM
Na/ seawater, pHo 7.5 (Fig. 10A). Figure 10B shows a similar adjusted to levels slightly lower than optimal. Our results
also agree with previous observations on other molluscsexperiment where the K/ added (40 mM) was reduced so
that GVBD was slightly retarded even in controls as com- that ammonia elicits a higher than normal pHi increase
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FIG. 9. The effects of inhibitors of Na//H/ exchange on averaged pHi measurements in BCECF-loaded oocytes. A shows the effect of
adding 50 mM K/ (blue recording, downward arrow, control oocytes, n  8) and the effect of prior addition of 50 mM dimethylamiloride
(red recording, upward arrow 1, n  11) before adding 50 mM K/ (upward arrow 2) in normal Na/-containing (423 mM) ASW. B shows
the pHi changes induced by the addition of 50 mM K/ to oocytes (n  7) in low-Na/ ASW (20 mM) without (blue recording, downward
arrow, K/ added) or with prior addition of 50 mM dimethylamiloride (red recording, upward arrow 1, DMA added, upward arrow 2, K/
added; n  7); the green recording shows the effect of adding K/ (upward arrow 1, n  7) to oocytes in Na/-free ASW and whose pHi
decreases continuously until Na/ are added (upward arrow 2). All oocytes underwent GVBD during the course of the experiment but with
signi®cant retardation under low pHi conditions.
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FIG. 10. The effects of inhibitors of Na//H/ exchange on kinetics of GVBD. A shows the effects of 10 mM amiloride (s), dimethylamiloride
(j), and hexamethylene amiloride (h) compared to controls with an equivalent amount of DMSO (l) on the kinetics of GVBD after the
addition of 52 mM K/. B shows the kinetics of GVBD with or without these inhibitors (same symbols as in A) after the addtion of 40
mM K/. C shows the effect of 10 mM hexamethylene amiloride on the kinetics of GVBD. Oocytes were exposed to 40 mM K/ with (h)
or without (l) hexamethylene amiloride or after the simultaneous addition of 40 mM K/ and 30 mM ammonium chloride to oocytes with
(n) or without (m) hexamethylene amiloride. Low Na/ seawater (50 mM), pHo  7.5, was used in all experiments which show mean
results of duplicate determinations with various batches of oocytes.
without promoting GVBD (Deguchi and Osanai, 1994, derivatives on typical Na//H/ exchangers (Simchowitz and
Cragoe, 1986; Kleyman and Cragoe, 1988). The existence of1995). Similarly, allowing a normal acid release without
Ca2/ in¯ux does not result in GVBD (DubeÂ and Guerrier, an Na//H/ exchanger in surf clam oocytes is not entirely
surprising since such a cotransporter is of widespread occur-1982b; Deguchi and Osanai, 1994), and arti®cially increas-
ing the pHi by incubating digitonin-permeabilized oocytes ence. However, mammalian oocytes are apparently devoid
of such an activated exchanger during meiotic maturationat high pHo fails to elicit GVBD unless external Ca2/ is also
present (Brassard et al., 1988). Our present data also show and shortly after fertilization (Kline and Zagray, 1995; Phil-
lips and Baltz, 1996; Ben-Yosef et al., 1996). Whether suchthat GVBD occurs in the absence of (or in low) external Na/
(DubeÂ and Coutu, 1990) despite a pHi decrease likely due an exchanger exists in other protostomes is unknown.
Our results rule out several roles for the pHi increaseto a reversal of Na//H/ exchange. This is con®rmed with
amiloride derivatives which ef®ciently inhibit most of the that were suggested by observations made with cell-free
extracts. One is that cyclin B can be released from a particu-normal pHi increase and retard, but do not prevent, GVBD.
Taken together, our results establish that the pHi increase late fraction to a soluble fraction in cell-free extracts of surf
clam oocytes upon raising the pH of the homogenizationis not essential for GVBD.
This study and previous analyses of acid release in surf buffer from 6.8 to 7.2 (Westendorf et al., 1989). Also, the
assembly of microtubules and their directional growth areclam oocytes (Ii and Rebhun, 1979; DubeÂ , 1988) indicate
that the pHi increase is driven by a typical Na//H/ ex- favored at pH 7.2 compared to 6.8 (Suprenant, 1989, 1991)
and protein synthesis in cell-free extracts is also enhancedchanger. First, the acid release is absolutely dependent upon
external Na/ in K/ (Ii and Rebhun, 1979)- or TPA-activated at a pH of 7.4 compared to 6.8 (Walker et al., 1996). The
apparent discrepancy between these suggestions and ouroocytes (DubeÂ , 1988) and, as shown here, the amplitude
of the pHi increase correlates well with the external Na/ results may be due to the somewhat lower increase in vivo
(0.3 pH unit), compared to the 0.4±0.6 pH unit differenceconcentration. The activity of the clam oocyte exchanger
is reversed when the internal/external Na/ gradient is in- tested in vitro. The retardation of GVBD in the absence of
a pHi increase or under decreased pHi may be related toverted, resulting in decreased pHi by incubation of K/-acti-
vated oocytes in Na/-free seawater; this is a common prop- subtle perturbations of in vitro pH-sensitive processes, such
as the release of sequestered cyclin B (Westendorf et al.,erty of Na//H/ exchangers (Counillon and PouysseÂgur,
1995). Finally, the pHi increase is inhibited by amiloride 1989). However, the most likely explanation is that a pHi
rise is important not for GVBD itself, but for some laterderivatives in the expected range of concentrations (mM)
considering the high external Na/ concentration which in- events in the developmental program.
terferes with these inhibitors (Cuthbert and Cuthbert, 1978;
Kleyman and Cragoe, 1988; Shen and Steinhardt, 1979). Fi-
pHi in Other Oocytesnally, our kinetic analysis of GVBD more ®nely reveals that
the rank order of potency of these inhibitors in clam oocytes With the exception of the annelid Chaetopterus (Eckberg
and DubeÂ , 1996), most protostome oocytes released fromis hexamethylene amiloride  dimethylamiloride amilo-
ride, which is consistent with known properties of these prophase I by sperm or other stimuli show a similar acid
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release or pHi increase (DubeÂ , 1982b; Brassard et al., 1988; envelope breakdown (Santella and Kyozuka, 1994; Wilding
et al., 1996; LefeÁvre et al., 1995). However, in surf clamDubeÂ , 1988; DubeÂ , 1992; Ii and Rebhun, 1979; Deguchi and
Osanai, 1994, 1995; Kyozuka et al., 1997; Peaucellier, 1978; oocytes, additional investigations using different pH probes,
ratiometric ¯uorescent pH-reporting dyes for confocal mi-Paul, 1975; Gould and Stephano, 1993). By contrast, oocytes
fertilized when arrested in metaphase I do not show any croscopy, dye distribution quanti®cations, and the use of
isolated germinal vesicles will be required to determinedetectable pHi increase or acid release (Paul, 1975; DubeÂ and
Guerrier, 1982b; Deguchi and Osanai, 1995). A pHi increase whether the differential pH observed in germinal vesicles
and cytoplasm is true and plays a role in subsequent events.therefore appears a widespread, if not universal, feature of
activation in prophase I-arrested protostome oocytes. How- In conclusion, our work establishes the existence of an
Na//H/ exchanger in surf clam oocytes, the nature and reg-ever, there are variations in the apparent requirement for an
elevated pHi between these different species. For example, a ulation of which will be interesting to investigate in rela-
tion with other known biochemical events occurring atpHi increase seems essential in Urechis oocytes, as illus-
trated by the reversible inhibition of GVBD by simple incu- GVBD, such as protein kinase C activation. Also, the poten-
tial contribution of an elevated pHi to post-GVBD eventsbation at pHo 7.0 (Paul, 1975; Holland et al., 1984), a condi-
tion where a normal Ca2/ in¯ux occurs but the normal 0.25 should be further clari®ed and future studies on surf clam
oocytes may shed some light on the mechanisms by whichpH unit increase does not (Gould and Stephano, 1989, 1993).
On the other hand, Mactra oocytes do not undergo GVBD pHi might regulate cell proliferation in general.
upon fertilization when a Ca2/ in¯ux is prevented or upon
addition of ammonia, despite a normal pHi increase in both
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